Abstract
Introduction
A variety of tree species are planted in cities worldwide, but the number of potential species for urban green planning in northern latitudes is low due to the need for the species to tolerate cold winter. Global warming may increase the choice of urban tree species also in the north, but cold tolerance is a critical factor during the transition phase from the current climate. Here, we present a study in which we assessed the frost tolerance of seven species newly experimented as urban trees in Helsinki, Finland, using the traditional electron leakage method (e.g., Dexter 1956; Flint et al. 1967; Prášil and Zámečnıḱ 1998) and a less-known method based on irreversible diameter change of wood axis (Améglio et al. 2001b (Améglio et al. , 2003a .
Water in tree xylem and other apoplastic spaces inevitably freezes when temperatures drop a few degrees below zero. The ice nucleation temperature of xylem sap depends on, e.g., osmotic concentration of the sap (Burke et al. 1976) and xylem anatomy (Lintunen et al. 2013 ), but thawing always occurs at approximately 0°C. The freezing of apoplastic sap causes two types of consequences for trees. The first consequence is freeze/thaw-induced embolism. Gases dissolved in the apoplastic sap form bubbles during freezing, and these bubbles are a risk of expanding and creating an embolism if thawing occurs when sap is under tension (Sperry and Sullivan 1992) . Winter embolism causes long-term blockages to water transport and is known to decrease xylem conductivity (Sperry and Sullivan 1992; Sperry et al. 1994; Davis et al. 1999; Pittermann and Sperry 2003; Wheeler et al. 2005; Wilson and Jackson 2006; Charrier et al. 2014 ). The second important aspect of freezing stress experienced by trees is frostinduced cellular damage, i.e., cell membrane rupture caused by ice crystal formation within the living cells or through an extreme water potential difference between the living cells and the apoplast and the consequent extreme shrinking-swelling cycles of living cells upon freeze-thaw events (e.g., Ristic and Ashworth 1993; Thomashow 1998) . A cell membrane rupture results in the leakage of symplastic contents into the apoplast and in permanent structural changes of the tissue in question.
Living cells cope with the freezing stress and avoid cellular damage either by deep supercooling or by extracellular freezing (e.g., George et al. 1982) , depending on the species and tree organ. Deep supercooling refers to a unique adaptation of woody plants, where they dramatically suppress ice formation in specific tissues until homogeneous ice nucleation occurs at approximately −38°C (Kuroda et al. 2003; Wisniewski et al. 2004) . Extracellular freezing is typical in the branches and stem of species grown in cold regions with isotherms beyond −40°C (Fujikawa and Kuroda 2000) . Water is withdrawn from the living cells into the apoplast during extracellular freezing due to the water potential difference between the unfrozen cell sap and the apoplastic ice (Burke et al. 1976; Levitt 1980; Pearce 1988 Pearce , 2001 ). The outflow of water leads to cell shrinkage. The intracellular solute concentration is increased, and thus, the osmotic potential decreased. Decreased osmotic potential balances the decrease in water potential and lowers the equilibrium ice nucleation temperature of the cell sap (Taiz and Zeiger 2006) . Dehydration of the elastic living tissue embedded in the xylem and living bark has been measured by monitoring diameter changes during freezing stress (Zweifel and Häsler 2000; Améglio et al. 2001a Améglio et al. , 2003a .
Whatever the cold tolerance strategy of a species, winter acclimation is essential for this tolerance. Winter acclimation is the process through which plants prepare themselves for winter conditions (Weiser 1970 ) and become cold hardy. The winter acclimation capacity is crucial for the survival of trees growing in boreal and temperate regions (Sarvas 1972) . Winter acclimation requires a programmed and integrated genetic capacity to activate the appropriate mechanisms needed to withstand harsh winter conditions (Thomashow 1999) . Winter acclimation mechanisms include biochemical, physiological, and metabolic functions affecting, e.g., tissue water content (Gusta et al. 2004; Charrier and Améglio 2011; Charrier et al. 2013b) , soluble sugar concentrations (Morin et al. 2007; Charrier et al. 2013b ), production of freezing avoiding proteins in the symplast, and the permeability and fluidity of cell membranes (Thomashow 1998 (Thomashow , 1999 Bohn et al. 2006; Uemura and Steponkus 2003; Uemura et al. 2006) . Améglio et al. (2001b) first presented the idea to use stem diameter variations to test frost hardiness over a decade ago. The method was successfully tested with Juglans regia L. (Améglio et al. 2003a) and Rosa hybrida L. (Améglio et al. 2003b ). In the latter paper, stem diameter variations were analyzed together with electrolyte leakage (Dexter 1956; Flint et al. 1967; Prášil and Zámečnıḱ 1998) , and a similar trend in frost hardiness was found in the course of the season with both measures (Améglio et al. 2003b) . Since then, the method has been rarely used. Our aim was to compare irreversible diameter change and electrolyte leakage to measure frost tolerance in branches of seven broadleaved tree species in urban boreal environment. We measured frost-induced reversible and irreversible diameter variations during a temperature decrease to −25°C and subsequent thawing, electrolyte leakage at −17 and −25°C, and ice nucleation temperature of the apoplastic sap. We hypothesized that the diameter variations upon freezing and thawing would reflect changes in the volume of living cells within the phloem and xylem, and a varying degree of electrolyte leakage should show up as irreversible frost-induced dimensional changes of the branches, as the membrane rupture would disable cell swelling upon thawing to its pre-freezing dimensions. We finally compared our frost tolerance results with the available classification to cold hardiness zones based on the minimum temperature range in which species prevail in the USA. The results of this study offer information on the frost tolerance and, thus, suitability of the studied species as street trees in Helsinki; these species are successfully grown, e.g., in southern Sweden.
Material and methods

Study material
Our set of trees tested included seven taxa (Table 1) successfully grown as urban street trees in southern Sweden (Bengtsson 1998), while having rarely been planted in Finland. The eighth taxon was a columnar clone of Sorbus aucuparia originating in southern Finland (Table 1 ). All trees are deciduous broadleaved species, although Ginkgo biloba is a gymnosperm with leaves instead of needles (Doyle and Donoghue 1992) . The trees were planted in spring 2012 along an ordinary street in a residential area in Helsinki (60°N, 25°E), located on the southern coast of Finland. The trees were acquired from Billbäcks (58°N, 15°E) and Stångby (55°N, 13°E) nurseries in Sweden, except for S. aucuparia, which was purchased from the Finnish Viksten's Nursery (60°N, 23°E). Average tree height was 4.6 m at the time of the planting.
A branch was collected from three to six cold-hardy trees per species (Table 1) in February 2013 and another branch from the same trees during the dehardening stage at the beginning of April 2013. As we only had two G. biloba trees, we collected a total of three branches from these two individuals both in February and April. The total number of sample branches was 58. The sample branches were approximately 0.7 m long and at least 10 mm in base diameter. The sample branches were collected from the lower crown. The average and minimum daily temperatures prior to sampling in January were −4.9 and −17°C and, for other months, −1.8°C and −6.5°C February, −5.2°C and −10°C March, and 3.1°C and −0.5°C April, respectively.
Post cutting, the branches were brought to the laboratory in a plastic bag. Five branch segments were cut from each sample branch for different measurements: one segment each for the measurement of the apoplastic ice nucleation temperature (3-6 segments per species), three segments for the electrolyte leakage measurement (9-18 segments per species), and one segment for the diameter change measurements (always 3 segments per species). The branch segments originating from each sample branch were frozen in the same freezing experiment; i.e., the freezing rate was similar for all measurements performed for one sample branch.
Branch diameter variations
Freezing experiments were conducted in a climate chamber (Weiss Umwelttechnik WK11 -340/40, Wien, Austria) with a 7.5-cm-long (diameter 0.6-1.1 cm) branch segment per sample branch. The temperature was decreased from room temperature down to −25°C at a rate of 20°C per hour and then raised up to +5°C in half an hour. Thermocouples (T-type) measured the under-bark xylem temperature and the ambient temperature from the climate chamber. Freezing of xylem sap could be detected from the freezing exotherm, i.e., a sudden increase in xylem temperature in relation to ambient air temperature due to the energy released from freezing (Burke et al. 1976 ). Diameter over bark was measured using a linear displacement transducer (LVDT; model AX/5.0/S, Solartron, West Sussex, UK). The LVDT sensor and the 7.5-cm-long branch segment were attached to an aluminum frame with screws; the branch was attached from both ends. The sensor head was set to rest on the bark surface. We tested the thermal expansion effect of the frame on the measurements by replacing the sample branch with a glass pole: thermal expansion caused 0.63-μm shrinkage per 1°C decrease of temperature, which was taken into account in the results. We used the diameter shrinkage to branch diameter percentage to describe both reversible and irreversible shrinkages, as diameter shrinkage correlates with branch diameter (Améglio et al. 2001a) . Reversible diameter shrinkage (DS reversible ) was used to describe tissue elastic amplitude during the freezing experiment and irreversible diameter shrinkage (DS irreversible ) to describe the more permanent frost-induced shrinkage of the branch (Fig. 1) . DS total is the total diameter shrinkage, i.e., the sum of DS reversible and DS irreversible .
Electrolyte leakage
The damage rate of the living tissue can be determined by measuring the tissue's electrolyte leakage as a percentage of its total electrolyte content (Dexter 1956; Flint et al. 1967; Prášil and Zámečnıḱ 1998) .
The three sample branch segments cut for the electrolyte leakage experiments were taken from the previous growing season internode of the branch main axis. Each three segment was further cut in the laboratory into three 0.5-to 1-cm-long samples: one of each for the control, the temperature decrease to −17°C, and the temperature decrease to −25°C. The test temperature of −25°C was selected as that is a temperature typically measured in Helsinki during the coldest winter days each year. The test temperature of −17°C was selected to verify the results and to be between the freezing point and the target temperature −25°C. After cutting, the samples were sealed in glass tubes to inhibit evaporation, but the tubes were reopened at the beginning of the freezing experiment to ensure free temperature equilibrium. Freezing was performed in a climate chamber as described above. The samples for the electrolyte leakage measurement at −17°C were removed from the chamber when the xylem temperature reached −17°C.
The control (R 0 ) and frozen samples (R t ) were rinsed with deionized water to remove any impurities. The samples were next resealed in the plastic tubes with 10 ml of deionized water and shaken on a horizontal shaker at 120 cycles min −1 at room temperature for 24 h. Electrical conductivity was next measured from the tubes using a conductivity meter (Jenway 4010, Dunmow, UK). All the samples were finally autoclaved for approximately 20 min in 121°C and pressure of 2.04 bars and reshaken at room temperature (120 cycles min
), and electrical conductivity was measured to record the maximal conductivity.
The relative conductivities of the control and frozen samples were determined by dividing the electrical conductivity measured before autoclaving, with electrical conductivity measured after autoclaving. The frost-induced tissue damage was expressed as an index of injury (I), calculated as proposed by Flint et al. (1967) :
Relative conductivity is used to avoid the sample size effect on the results, whereas the index of injury reduces the unwanted effect of tissue differences on the electrolyte concentrations and the effect of electrolytes leaking from cut surfaces (Dexter 1956; Prášil and Zámečnıḱ 1998) .
Statistical analysis
Results for the two Malus baccata cultivars were pooled, as the results were very similar for both cultivars of the species. Dependences among different freezing responses were analyzed using linear modeling (GLM procedure, SAS Institute, Cary, NC, USA). This method uses least squares to fit general linear models to the data. The data fulfilled assumptions of normality and homogeneity residual distribution except for the DS reversible and DS irreversible , which were square root transformed. GLM procedure was also used for analyzing the possible effects of class variables season and tree species on the freezing responses. We used Tukey's T test to compare the freezing responses between different species. Freezing responses between species were analyzed separately for winter and early spring data, except for the analysis regarding ice nucleation temperature of xylem sap that did not depend on the season.
The definition of statistical significance is P<0.05 throughout the paper.
Results
Linkages among the freezing responses
Samples with high electrolyte leakage at −25°C showed higher electrolyte leakage also at −17°C (P=0.0003, Fig. 2a) .
During the temperature decrease to −25°C, DS irreversible increased with increasing electrolyte leakage at −25°C (P= 0.0015, Fig. 2b ). DS irreversible and DS reversible did not correlate with each other; neither did DS reversible and electrolyte leakage.
Freezing response differences between seasons and species
The ice nucleation temperature of the apoplastic sap did not differ between winter and early spring but did differ (P= 0.004) between species: Quercus palustris had the lowest ice nucleation temperature (Table 2) .
The average electrolyte leakage of the seven species was higher during the dehardening than the cold-hardy stage (P= 0.0011 at −17°C and P<0.0001 at −25°C, Fig. 3 ). The average index of injury at −17°C was 0.045 (95 % confidence interval, hereafter CI±0.027) during winter and 0.104 (CI± 0.023) during early spring, while the corresponding figures at −25°C were 0.118 (CI±0.036) and 0.235 (CI±0.030), respectively. No significant differences were observed in the electrolyte leakage between species during the cold-hardy stage (Fig. 3) . Pterocarya fraxinifolia showed the highest electrolyte leakage during the dehardening stage, whereas Q. palustris and Crataegus monogyna 'Stricta' were the most frost-tolerant taxa with least leakage (Fig. 3) .
The mean DS reversible and DS irreversible of the seven tree species were significantly different between the cold-hardy and dehardening stages (Fig. 4) . √DS reversible averaged 1.05 (CI±0.23) during the cold-hardy stage and 0.64 (CI±0.24) during the dehardening stage. √DS irreversible averaged 0.58 (CI±0.13) during the cold-hardy stage and 0.97 (CI±0.14) during the dehardening stage. No differences between species regarding DS reversible and DS irreversible were found during winter (Fig. 4) , while both DS reversible and DS irreversible were highest in P. fraxinifolia and lowest in C. monogyna 'Stricta' during early spring (Fig. 4) .
The freezing injury parameters were compared with the USDA cold hardiness rating (Dirr 2009 ) for each species. A clear correlation (P = 0.044) was found between the DS irreversible measured during the cold-hardy stage and the USDA cold hardiness rating (Fig. 5) . The electrolyte leakage denoted with the index of injury did not significantly correlate (R 2 =0.27) with the hardiness rating.
Discussion
We measured frost tolerance in seven broadleaved species grown as street trees in an urban boreal environment in Helsinki, Finland (60°N, 25°E) . The results demonstrated that frost-induced electrolyte leakage and irreversible shrinkage (DS irreversible ) are connected as suggested by Améglio et al. (2003b) . Electrolyte leakage indicates damage in the elastic living tissue caused by cell membrane rupture (Steponkus 1984) and cell sap leakage into the apoplast (e.g., Sutinen et al. 1992; Ristic and Ashworth 1993; Charrier and Améglio 2011) . Cells permanently lose their turgor if freezing leads to cell membrane rupture. This should result in permanent tissue shrinking as we hypothesized and observed. Both electrolyte leakage and irreversible shrinkage were clearly higher during the dehardening stage than in the coldhardy stage. This result is in line with earlier studies that have measured electrolyte leakage (e.g., Charrier et al. 2013a, b) , irreversible shrinkage (Améglio et al. 2001a (Améglio et al. , b, 2003a , or both (Améglio et al. 2003b ). Trees experience metabolic and physical changes during winter acclimation (Weiser 1970 ), e.g., compositional, structural, and functional cell membrane changes involving membrane lipids and proteins (Thomashow 1998 (Thomashow , 1999 Bohn et al. 2006; Uemura and Steponkus 2003; Uemura et al. 2006 ) that make them more frost-tolerant. The conversion of starch to soluble sugars (Morin et al. 2007; Charrier and Améglio 2011; Charrier et al. 2013b ) and decreased tissue water content (Gusta et al. 2004; Charrier and Améglio 2011; Charrier et al. 2013b ) have also been connected to hardening.
In addition to irreversible diameter changes, the trees experienced reversible diameter shrinkage during freezing stress, as most of the total branch diameter shrinkage was restored after thawing. Similar results have been found for J. regia (Améglio et al. 2001b (Améglio et al. , 2003a , Picea abies (Zweifel and Häsler 2000) , and R. hybrida (Améglio et al. 2003b ). Irreversible diameter shrinkage did not correlate with reversible diameter shrinkage. Reversible frost-induced diameter shrinkage indicates tissue elasticity. Wintertime elasticity of living tissue is an important characteristic in cold regions, where low temperatures cause extremely low water potentials in frozen xylem. Extracellular freezing (George et al. 1982 ) is vital in these circumstances to ensure the survival of living cells and requires living cells to have the ability to lose water into the apoplast and shrink, but also to swell back to their original dimensions without structural damages when thawing. Results showed that unlike irreversible diameter changes indicating cellular damage, DS reversible was higher in cold-hardy trees compared to trees at the dehardening stage as also reported for J. regia (Améglio et al. 2001b (Améglio et al. , 2003a and R. hybrida (Améglio et al. 2003b) . Decreased tissue elasticity likely plays a role in the cell damage of non-acclimated trees. Ion leakage at -17˚C, I
Ion leakage at -25˚C, I
a Cb Cm Gb Mb Pf Qp Sa Linear (All) Fig. 2 Correlation between electrolyte leakage at −25°C and a electrolyte leakage at −17°C (P=0.0003) and b irreversible branch diameter shrinkage DS irreversible (P=0.0015) during a temperature decrease to −25°C. Electrolyte leakage is denoted with an index of injury as described by Flint et al. (1967) . Irreversible branch diameter shrinkage has been square root transformed. The whole data set is presented in the figure at tree level. Linear regression lines are shown Ice nucleation is always a stochastic phenomenon, which is visible in the rather random variation of ice nucleation temperatures of xylem sap between winter and early spring measurements. Also, Pramsohler et al. (2012) found no seasonal differences in the apoplastic ice nucleation temperature in Malus domestica. Seasonal differences could be caused by seasonal changes in the osmotic concentration of the apoplastic sap (Charrier et al. 2013a ). However, we did record statistical differences in apoplastic ice nucleation temperatures between some of the studied species, suggesting a linkage to xylem anatomy as small size of xylem conduits has been connected to low ice nucleation temperature through the size of impurities penetrating the cells and acting as ice nuclei that catalyze the formation of ice (Lintunen et al. 2013) . A fairly low apoplastic ice nucleation temperature could be an advantage in cold environments, where trees have to tolerate low freezing temperatures, as it decreases the number and length of the freeze-thaw cycles that the tree has to experience (Lintunen et al. 2013 ). However, an excessively low apoplastic ice nucleation temperature can also be harmful to trees, as it increases the risk of intracellular freezing of the living cells that are left without the benefits of extracellular freezing (Sakai and Larcher 1987) . Such behavior may be linked to deep supercooling of xylem parenchyma that is often observed in trees originating from regions where temperature does not drop below −40°C (Kuroda et al. 2003) . Unlike apoplastic ice nucleation temperature (i.e., high-temperature exotherm), symplastic ice nucleation temperature (i.e., lowtemperature exotherm (LTE)) typically has a clear decreasing trend during the process of winter acclimation (e.g., Lindstrom et al. 1995) . We did not detect LTE in our experiments (although absence of LTE cannot be verified due to small oscillation of temperature near the target temperature in the climate chamber). Differences between seasons were statistically significant: √DS reversible P=0.016; √DS reversible P=0.0002. Statistically significant differences between species are denoted with different letters in the early spring data (no statistically significant differences between species were found in the winter data)
The best frost tolerance as measured in terms of electrolyte leakage in both the cold-hardy and dehardening stage was displayed by Q. palustris and C. monogyna 'Stricta'. These frost-tolerant species are native to northern latitudes of Europe (C. monogyna) and USA (Q. palustris). Q. palustris also showed some unexpected results: it had the lowest ice nucleation temperature among the studied species despite usually having exceptionally large vessels, and unlike other species, it showed lower elastic amplitude during the cold-hardy compared to dehardening stage. In addition to frost hardiness of living cells, sensitivity to freeze-thaw embolism is an essential frost resistance mechanism for trees (Charrier et al. 2013a ). Freeze-thaw embolism is connected to the freezing stress experienced by the living cells via the ability of the living cells to refill xylem conduits (Charrier et al. 2013a ) and, in theory, via the amount of ice content in the apoplast and hence the area connecting symplastic water and apoplastic ice fronts. Genus Quercus is known for its large-vesseled ring-porous xylem that "sacrifices" most of the vessels each winter for winter embolism and transports water during the next growing season with large, newly formed vessels (Cochard and Tyree 1990; Sperry and Sullivan 1992; Sperry et al. 1994) . This suggests that the large vessels of Q. palustris were already embolized during winter, since embolism develops more easily in wider vessels (Cochard and Tyree 1990; Davis et al. 1999; Pittermann and Sperry 2003; Charrier et al. 2014) . Low ice nucleation temperature might be caused by the lack of water in the xylem during winter, as it is known that tissue water status affects the supercooling capacity (Burke et al. 1976; Goldstein et al. 1985) . Lack of water in the large vessels would result in a low ice nucleation temperature of the apoplastic sap in the remaining small intact conduits (Lintunen et al. 2013 ) and only minor need for elastic shrinkage during winter due to the reduced connection area between symplastic water and apoplastic ice fronts. Low branch water content during freezing stress has been connected to low electrolyte leakage in earlier studies (Charrier and Améglio 2011; Charrier et al. 2013b) . It is possible that winter embolism gives advantage for the living tissue in Q. palustris to tolerate frost stress which can be seen as low ion leakage.
Our results suggest that P. fraxinifolia was the study species most vulnerable to freezing, which responded to low freezing temperatures with the highest electrolyte leakage and highest irreversible shrinkage during the dehardening stage. However, reversible shrinkage indicating high tissue elasticity was also the highest in P. fraxinifolia. This result shows that it is challenging to interpret the results regarding a shrinkage comparison between species without knowing the species-specific maximum potential shrinkage, as the total volume of living cells in the branch tissue varies between species. Improvement for future study would be suggested by the method Gelista ™ (Améglio et al. 2003a) , where the loss of diameter after one cycle of freeze-thaw at a given temperature is compared to the maximal diameter loss. To obtain the maximal diameter loss, stem segments are submitted to one heat shock cycle.
All the studied species have a hardiness zone rating indicating the geographic zone where they prevail in the USA (Dirr 2009 ; Table 1 ). DS irreversible during the cold-hardy stage correlated fairly well with the hardiness rating ( Fig. 5) : better than electrolyte leakage. This might be related to the dependency of DS irreversible on other factors affecting species survival in cold environments, perhaps the ability of the living cells to refill xylem conduits (Holbrook and Zwieniecki 1999; Hölttä et al. 2006; Charrier et al. 2013a; Spicer 2014) . DS irreversible is affected not only by frost damage, but also by the total volume of living cells (and their elasticity), and thus, DS irreversible may correlate with the refilling process of xylem conduits through the volume share of living cells in the branch volume.
Diameter changes were measured over bark indicating shrinkage of the whole branch. In general, the ratio between diameter fluctuations of the rigid xylem and the respective fluctuations of the elastic bark is typically known to be small (Zweifel and Häsler 2000; Steppe et al. 2012) . Améglio et al. (2001a) found xylem to represent 15 % of the total shrinkage observed during freezing in stem segments of J. regia of 1 cm in diameter. Thus, it can be assumed that also in our results, bark diameter changes play bigger role than xylem diameter changes.
Our approach was to compare two methods to indicate frost tolerance in seven species and in two stages of cold hardiness: the well-known method of electrolyte leakage and a lessknown method based on irreversible branch diameter shrinkage. For this purpose, a faster electrolyte leakage measurement in a given temperature of −25°C was considered to be sufficient for the main conclusions of the study. Also, the amount of available branch material was limited for the destructive measurements considering that we were studying urban trees. An additional test temperature of −17°C was added to verify the interpretation of the ion leakage results: electrolyte leakage was higher, and differences between seasons and species were similar in response to freezing to −25°C compared to −17°C as expected. The few slightly negative values in the index of injury, especially in cases where temperature was lowered to −17°C and electrolyte leakage was negligible, are due to limitations in measurement precision. We used unnaturally high-temperature change rate of approximately 1°C min −1 . In studies regarding the effect of cooling rate on cell damage, i.e., intracellular ice nucleation, irreversible plasmolysis, and breakage of the cell membranes due to apoplastic crystallization (Sakai and Larcher 1987; Pearce 2001; Han and Bischof 2004) , cooling temperature of less than 10°C min −1 has shown not to induce cell damage in trees (Sakai and Yoshika 1967; Quamme et al. 1973; Perkins and Adams 1995) . Also, correlation of the results with the USDA hardiness rating suggests that no unnatural cell damage interfering with the irreversible diameter response was caused by the used cooling rate. To express species-specific frost tolerance in a more standardized form in future work, the temperature at 50 % lethality (LT50) could be measured and at cooling rates that imitate natural frost events. Urban trees grow in an unnatural environment that is stressful for trees in many ways: the belowground growth space for roots is limited and often inadequate to offer enough water and nutrients for growth; the microclimate is harsh with air pollutants, wind tunnels, and direct sunlight; artificial lights can induce perturbation in the annual cycle of trees; and trees frequently experience mechanical damage. The urban environment may possibly have made the studied tree individuals more vulnerable to freezing stress compared to individuals growing in natural conditions, especially as the studied trees were likely still experiencing some transplanting stress and associated changes, e.g., in their shoot/root ratio at the time of the experiments.
Conclusions
Our results suggest that the irreversible diameter shrinkage due to freezing stress is a good and non-destructive method to indicate frost tolerance. It also correlates with the USDA hardiness rating that is based on the minimum temperature range in which species prevail in the USA. Q. palustris and C. monogyna had the highest frost tolerance among the species of the study during the dehardening stage in early spring, whereas P. fraxinifolia was the least frost tolerant.
